B rachial blood pressure (BP) is an important predictor of cardiovascular events 1 ; however, systolic BP (SBP) is influenced by wave reflection 2 and varies throughout the vascular tree, with aortic (central) SBP being consistently and variably lower than brachial SBP. The importance of wave reflection in hypertension is increasingly recognized, and, more recently, indices of wave reflection have been shown to independently predict cardiovascular events. [3] [4] [5] Differential effects of antihypertensive agents on central SBP have been proposed to account for differential effects on cardiovascular and all-cause mortality, 6, 7 possibly as a result of changes in the timing or magnitude of wave reflection. However, not all studies have observed differential effects of antihypertensive treatments on central SBP, 8 and the use of a generalized transfer function to estimate the central SBP from radial artery measurements has been criticized, 9 -13 particularly when, as in the AngloScandinavian Cardiac Outcome Trial (ASCOT), the comparator therapies have different effects on heart rate. In addition, there is considerable evidence that central augmentation index, a widely used index of wave reflection, is not measured accurately using a generalized transfer function applied to the radial waveform, 14 -16 thereby compromising any interpretation of differences in central BP on the basis of radial measurements in terms of changes in wave reflection.
The purpose of this study, therefore, was to establish the effect of the therapeutic regimens used in ASCOT on central SBP and wave reflection using the direct measurement of carotid artery SBP (cSBP) combined with wave intensity analysis and wave separation to differentiate the direction, type, and amplitude of waves. Additional analysis was undertaken to establish whether differences in cSBP predicted left ventricular mass (LVMI) and could account for between-treatment differences in LVMI.
Methods

Subjects
A total of 259 participants (Ϸ1 in every 3 patients) from a total of 879 participants in the Hypertension Associated Cardiovascular Disease ASCOT substudy at the St Mary's Hospital center participated in the carotid wave intensity substudy. All of the subjects fulfilled the criteria for inclusion in the main ASCOT study. All of the patients were randomized according to the ASCOT protocol 17 to a regimen of amlodipine with perindopril added as required or a regimen of atenolol with bendroflumethiazide-K added as required. Antihypertensive treatment was titrated to achieve target brachial BPs (Ͻ140/90 mm Hg for people without diabetes mellitus and Ͻ130/80 mm Hg for people with diabetes mellitus). If necessary, additional antihypertensive agents were administered according to a prespecified algorithm. Patients were also eligible for randomization to the factorial lipid-lowering arm of ASCOT if they had a total blood cholesterol concentration Յ6.5 mmol/L and were not taking a lipid-lowering agent at the time of randomization. Patients recruited into the lipid-lowering arm of ASCOT were randomized to receive 10 mg of atorvastatin daily or matching placebo.
Because the majority of patients received a variety of treatment before commencement of ASCOT, all of the measurements for this substudy were performed between 12 and 18 months after randomization, when study drugs had been fully up-titrated and the BP had achieved target and was stable. The study was approved by the St Mary's Hospital Local Research Ethics Committee, and all of the subjects gave written informed consent.
Investigations
All of the studies were conducted in a temperature-controlled darkened room, with subjects having rested supine for Ն10 minutes. Brachial BP was measured after Ն5 minutes of rest using a validated, semiautomated device (Omron 705CP, Omron). 18 Pressure was measured in the right common carotid artery by applanation tonometry using a Millar tonometer (SPT-301, Millar Instruments Inc) and calibrated to brachial artery pressure, as described previously. 19, 20 Carotid waveforms were carefully monitored during acquisition to ensure high quality and stability of recordings, over Ϸ1 minute of measurement. Flow velocity measurements were made in the right common carotid artery by pulsed wave Doppler with an HDI 5000 ultrasound machine (Philips Medical Systems) equipped with a 7.5-to 10.0-MHz linear array transducer at a Doppler angle of 60°in a 1-mm sample volume placed in the center of the vessel Ϸ2 cm from the carotid bulb. All of the measurements were made by a single observer, who remained masked to individual patient treatment. Details of validation of both pressure and flow measurements have been described by us previously. 21 In all of the patients, the pressure data were collected first, followed by the velocity. The time taken to acquire both pressure and velocity data was Ϸ5 minutes.
Carotid pressure and flow velocity data were sampled at a frequency of 200 Hz. After acquisition, waveforms were ensemble averaged offline, as described previously, 21 using custom-written software in Matlab 5.3 (Mathworks). Care was taken to ensure that only good quality beats (generally, 6 beats) were included in the ensemble. The members of the ensemble were identified by using the peak of the R wave as the fiducial point. After constructing the ensemble, the members were checked for good temporal alignment. Occasionally, because of variability in the duration of the isovolumic contraction period, there was a small degree of misalignment (Ͻ5 ms) between the systolic rise phase of the beats, and, if this was the case, this was corrected. The cross-correlation coefficient between the initial 600 ms of each beat was also used as a quantitative measure of agreement between waveforms, with a value rϾ0.95 being regarded as acceptable. Local carotid artery wave velocity was calculated using the pressure-velocity loop method. 21, 22 Reproducibility of these methods has been published previously, 21, 23 and the validity of the approach has been confirmed in vitro and in vivo. 22, 24 The within-observer coefficient of variation was Ͻ10% for the major waves in this study and between 15% and 20% for minor waves.
In addition to measurement of carotid artery pressure and flow, all of the subjects had fasting blood samples taken and underwent echocardiography. Details of echocardiography and related measurements have been described recently elsewhere. 25 
Wave Intensity Analysis and Wave Separation
Changes in pressure and flow in the circulation result from waves of varying magnitude, character, and direction. The timing, magnitude character, and direction of such waves can only be definitively established from combined pressure and flow data. Waves can originate either from the proximal (forward-traveling) or distal (backward-traveling) end of the circulation and can be either a compression ("pushing") or decompression ("sucking") wave. A compression wave will accelerate or decelerate blood flow depending on its origin: if it arises proximal to the site of measurement, it will increase pressure and accelerate flow, but compression waves of distal origin will increase pressure and decelerate blood flow. Additional information regarding the type and origin of waves in the carotid artery is provided in the online Data Supplement (please see http://hyper.ahajournals.org).
Wave intensity is a measure of the power density of a wave and is given by the product of the simultaneous incremental changes in local pressure (dP) and velocity (dU) in a given time interval. 26 Pressure changes attributed to forward-traveling (dP ϩ ) and backward-traveling (dP Ϫ ) waves can be separated using equations 1 and 2.
(1) dP ϩ ϭ1/ 2(dPϩ c dU)
where is the density of blood (1050 kg Ϫ3 ) and "c" is the local wave speed. This time-domain approach to wave separation gives results that are essentially identical to impedance-based approaches (data not shown).
Waves were quantified by measuring both the peak of the individual wave intensity and cumulative intensity of each wave (ie, the integral under the wave); this is an index of energy per unit area carried by the wave. Other authors 27, 28 have used different units to express wave intensity to allow for differences in sampling rates. To convert between units based on a sampling rate of 200 Hz, values in watts per meter squared (Wm Ϫ2 ) should be multiplied by 40 000 to convert to watts per meter squared per second squared (Wm Ϫ2 s Ϫ2 ) and by 300 to convert to millimeters of mercury meter per cubic second (mm Hg m s Ϫ3 ). Reflection was assessed by 2 measures. First, the wave reflection index was calculated as the sum of the cumulative wave intensity of the reflected compression waves from the head and body (c Ϫ 1 and c ϩ 1, respectively) expressed as a percentage of the cumulative intensity of the initial systolic (S) wave generated by the left ventricle (please see the online Data Supplement for details regarding these waves). The ratio of peak backward:peak forward pressure (P b /P f ) after wave separation and subtraction of diastolic pressure was also measured as an index of reflection, 29 although this ratio may be influenced by decompression waves arising from rereflection of backward compression waves. 21 The time of arrival (⌬T) of a specific wave with respect to the S wave was calculated from the intervals between the timing of the peak intensities of the waves generated by the left ventricle, because this is more readily identified than the foot of the wave intensity. The distance (L) to an apparent reflection site in the head was calculated as follows: Lϭ(1/2)c.⌬T,
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where "c" is the local wave velocity in the carotid artery. However, because tapering can give the appearance of a single apparent reflection site, 30 this distance should not be interpreted as necessarily corresponding with a unique physical site of impedance mismatching. Carotid artery augmentation index (AI c ), the pressure difference between the first shoulder of the pressure waveform and the systolic peak expressed as a percentage of the pulse pressure, was calculated from the carotid waveform. The beginning of the pressure wave upstroke was taken to correspond with the first zero crossing of the fourth derivative, and the shoulder was taken to correspond with the second zero crossing in same direction, as described by Kelly et al. 20 
Statistics
Statistical analysis was performed using StatView (version 5.0, SAS Institute, Inc) and Stata (version 10.0, Stata Corp). Continuous variables are reported as mean (SD) or median (interquartile range) for skewed data. Statistical comparisons between treatment groups were made using an unpaired Student t test or an unpaired nonparametric Wilcoxon rank-sum test for skewed data. The level of statistical significance for between-treatment group comparisons was taken to be PϽ0.05. Multivariate regression modeling was also performed, and stepwise backward-selection estimation was undertaken using a significance level for removal of PϽ0.05 on the basis of the Wald test.
Results
The 2 treatment groups were well matched (Table 1) , and their characteristics were very similar to the main ASCOT cohort and the Conduit Artery Function Evaluation substudy cohort. 7, 17 Comparison of the 2 treatment groups showed that heart rate was significantly lower with the atenolol-based regimen. There were no statistically significant differences in brachial BP, although pressures tended to be higher in subjects treated with the atenolol-based regimen (Table 2) , in keeping with the findings of the main ASCOT study. 17 cSBP and Wave Reflection cSBP, carotid pulse pressure, and AI c were significantly lower in the amlodipine group than in the atenolol group (Table 2) . Pulse pressure amplification ratio (calculated as peripheral pulse pressure:central pulse pressure), brachialcarotid amplification pressure, and local wave velocity were higher in the amlodipineϮperindopril arm than in the atenololϮbendroflumethiazide arm (Table 2) . Differences in cSBP between treatment arms remained significant after statistical adjustment for age, sex, heart rate, or all of these variables combined in a multivariate model (Table 3) . Data are mean (SD) or median (interquartile range) for continuous data or frequency (%) for categorical data. Reported timings are with respect to the peak of the ECG R wave. WRI indicates wave reflection index; PRU, peripheral resistance unit.
Wave intensity analysis indicated that there was no significant difference in the magnitude of the peak or cumulative intensity of the S wave or D wave ( Figure 1 and Table 2 ), but the peak and cumulative intensities of reflected waves from the head (c Ϫ 1 wave) and the body (c ϩ 1 wave), measures of wave reflection (wave reflection index and P b /P f ), and AI c were significantly higher in the atenolol group (Table 2 and Figure 2 ). Reflected waves from the head were undetectable in 21% and 17% of individuals in the amlodipine and atenolol groups, respectively, and reflected waves from the body were undetectable in 67% and 54% of individuals in the amlodipine and atenolol groups, respectively. The timing of reflected waves and the distance to the apparent reflection sites in the head or in the body did not differ significantly between treatment groups despite the difference in heart rate ( Table 2) . 
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There was a significant correlation between the timing of the start of the reflected wave c Ϫ 1 and the time of the shoulder on the pressure waveform (Spearman rank correlation, ϭ0.51;
PϽ0.001).
Age, sex, and height have been reported to influence wave reflection, and because heart rate differed between treatments, we constructed multivariate regression models to adjust for these possible confounders in the betweentreatment effect on cSBP. Inclusion of age, sex, height, or heart or all of these variables combined did not substantially affect between-treatment differences in cSBP (Table 3) .
Relationship of Carotid and Brachial BPs to LVMI
Increased carotid BP was significantly correlated with increased LVMI (Spearman rϭ0.2; Pϭ0.011), and this relationship was stronger than the relationship between brachial systolic BP and LVMI (rϭ0.1; Pϭ0.048). In multivariate analysis adjusting for age, sex, and number of risk factors at baseline, LVMI was significantly lower in patients receiving the amlodipine-based regimen. This difference was slightly attenuated when brachial SBP was included in the model and further attenuated in a model where cSBP replaced brachial SBP; when cSBP was included in the model, the effect of treatment regimen was no longer statistically significant. A full backward stepwise multivariate regression, including age, sex, risk factors at randomization, treatment regimen, number of antihypertensive drugs, SBP, diastolic BP, cSBP heart rate, stroke volume, total peripheral resistance, fasting glucose, total cholesterol, high-density lipoprotein cholesterol, triglycerides, creatinine, presence of microalbuminuria, and body mass index, indicated that cSBP was an independent predictor of LVMI; sex, risk factors at randomization, body mass index, heart rate, high-density lipoprotein cholesterol, and stroke volume were also significant predictors of LVMI in the final model (Table 4) .
Discussion
cSBP, a direct measure of central systolic pressure, is reduced to a greater extent in subjects treated with an amlodipinebased regimen than an atenolol-based regimen. cSBP also correlates with LVMI, an established independent predictor of cardiovascular events, 31 and adjustment for differences in cSBP attenuated between-treatment differences in LVMI.
Wave-intensity analysis and wave separation show that the lower cSBP is attributable to a lower magnitude of wave reflection and not to changes in the timing of reflected waves, differences in heart rate, or changes in the forward wave resulting from ventricular ejection.
These observations extend the findings of another ASCOT substudy (Conduit Artery Function Evaluation), 7 which reported higher central SBP in patients randomized to atenolol and increased central aortic augmentation index estimated from radial tonometry. However, central augmentation index is not simply a measure of wave reflection, 32 and the poor accuracy of radial-derived estimates of central augmentation index 14 -16 make it difficult to draw firm conclusions from this study with regard to wave reflection. Our study observed a significantly higher SBP and AI c in the carotid artery and wave intensity analysis, and separation clearly demonstrated that this was because of increased wave reflection in individuals randomized to an atenolol-based regimen. These findings may also offer an explanation for other studies that have used pulse wave analysis to show that ␤-blockers reduce central SBP less than other antihypertensive medications. 33, 34 Recently, Dart et al 8 also used carotid tonometry to measure central SBP in a substudy of the Second Australian National Blood Pressure Trial but failed to find differences in central BP between patients receiving an angiotensin-converting enzyme inhibitor-based regimen and those receiving a diuretic-based regimen. Our data indicate that the differences between the findings in the Second Australian National Blood Pressure Trial and ASCOT (Conduit Artery Function Evaluation) are unlikely to be related to the method used to measure central pressure (carotid versus radial tonometry) and are more likely to be explained by the different therapeutic regimens used, such as the use of a ␤-blocker as first-line therapy in 1 treatment arm in ASCOT or some other factor, such as age or cardiovascular risk factor profiles of the participants.
The mechanism by which amlodipine-based therapy alters the magnitude of wave reflection remains to be established, but waves are reflected when they meet sites of impedance mismatching, for example, at bifurcations. Vasoconstriction is associated with increased wave reflection, 35 and previous studies have also suggested that calcium channel blockers can normalize the impedance pattern of hypertensive subjects as a result of vasodilation. 36, 37 We suggest that the greater vasodilator action of amlodipine-based therapy compared with atenolol-based therapy may account for reduced wave reflection as a result of improved impedance matching. This suggestion is consistent with our observation of a higher total peripheral resistance in people randomized to atenolol-based therapy and the findings of Bleasdale et al, 27 who reported that hypercapnia, a cerebral vasodilator, reduced the magnitude of the reflected c Ϫ 1 wave in the carotid artery in normal subjects.
It is notable that S-wave intensity was only slightly lower in people receiving atenolol than in those randomized to amlodipine-based therapy and that the difference was not statistically significant. A previous study in dogs 38 reported that intravenous administration of propranolol to dogs resulted in a significant reduction in S-wave intensity. How- ever, the dose of atenolol used for treatment of hypertension in ASCOT was less (in terms of dose in milligrams per kilogram) than that used experimentally in dogs, and 50 mg of atenolol is insufficient to achieve full ␤-blockade. 39 In addition, acute and chronic effects of ␤-blockade on cardiac function may differ. For example, in chronic heart failure, ␤-blockers increase cardiac index and stroke work index after chronic administration, although they cause a reduction when administered acutely. 40 Additional studies examining the acute effect of ␤-blockers on wave intensity in humans would be of interest.
This study has a number of limitations. The majority of participants were men, and in view of the limited number of women, it should not be assumed that our observations apply equally to both sexes. The lack of pretreatment baseline data means that we cannot comment on how treatment changed wave reflection from the pretreatment state; however, it should be recalled that hardly any individuals were treatment naive, so baseline data would be difficult to interpret. Moreover, with regard to the comparison of treatment regimens, the lack of baseline data is not a major problem, because this was a randomized study, and potential confounders at baseline should be balanced by randomization. Another limitation relates to the treatment regimens themselves: a minority of individuals (Ϸ26%) were receiving monotherapy (amlodipine or atenolol) at the time of the study, and individuals randomized to atenolol received more add-on therapy than those randomized to amlodipine. The observed differences, therefore, relate only to treatment combinations, and no conclusion should be drawn regarding the effects of the individual agents used as initial monotherapy.
This study also has a number of strengths. It is a large, prospectively randomized clinical trial where carotid BP was measured directly. Unlike previous studies, it measured both BP and flow and was, therefore, able to undertake wave separation and to establish with confidence that the differences in central SBP were attributable to a difference in the magnitude of wave reflection, rather than effects on timing of waves, alterations in heart rate, 12 changes in stroke volume, 41 or modification of the pattern of systolic ejection.
Perspectives
The importance of central BP as a target for antihypertensive medication is increasingly accepted. This study has shown that directly measured cSBP is lower with an amlodipinebased regimen than with atenolol-based treatment. This difference is because of a lesser magnitude of wave reflection in patients randomized to an amlodipine-based regimen. ) that is attributed to reflection of the initial systolic S wave from sites of admittance mismatching in the rest of the body 3 . Although c + 1 is a reflected wave (i.e. it travels retrogradely in the aorta (see Figure S1A ), it appears as a forward travelling wave in the carotid artery as a result of the anatomical relationship of the carotid artery to the aorta. A forward travelling decompression wave (D wave) appears at the end of systole (protodiastole) and results from a decline the rate of myocardial contraction and this wave contributes to aortic valve closure 4, 5 .
